OBJECTIVE: To investigate whether peripheral muscle strength is signi®cantly different between lean and obese women controlled for age and physical activity, using an allometric approach. DESIGN: Cross-sectional study of isometric handgrip and isokinetic leg and trunk muscle strength. SUBJECTS: 173 obese (age 39.9 AE 11.4 y, body mass index (BMI) 37.8 AE 5.3 kgam 2 ) and 80 lean (age 39.7 AE 12.2 y, BMI 22.0 AE 2.2 kgam 2 ) women. MEASUREMENTS: Anthropometric measures (weight, height) and body composition (bioelectrical impedance method), isometric handgrip (maximal voluntary contraction on the Jamar dynamometer), isokinetic trunk¯exion ± extension, trunk rotation, and knee¯exion ± extension (Cybex dynamometers). RESULTS: Absolute isokinetic strength output (that is, strength uncorrected for fat-free mass) was larger in obese compared to lean women, except for knee¯exion and isometric handgrip, which were not signi®cantly different (P b 0.05). Pearson correlation coef®cients between strength measures and fat-free mass (kg) were low to moderate both in lean (r 0.28 ± 0.53, P`0.05) and in obese (r 0.29 ± 0.49, P`0.001) women. There was no correlation with fat mass (kg) in the lean, whereas in the obese women a weak positive relation could be observed for most isokinetic data (r 0.21 ± 0.39, P`0.01). When correcting for fat-free mass (raised to the optimal exponent determined by allometric scaling), all strength measurements were at least 6% lower in obese when compared to the lean women, except for trunk¯exion, which was at least 8% stronger in obese women. DISCUSSION: The higher absolute knee extension strength measures of leg and the similar extension strength of the trunk in the obese sample compared to the lean might be explained by the training effect of weight bearing and support of a larger body mass. However when the independent effect of fat-free mass is removed, these strength measures, as well as oblique abdominal muscle and handgrip strength, turned out to be lower in obese women. These observations could be the re¯ection of the overall impairment of physical ®tness as a consequence of obesity and its metabolic complications.
Introduction
Suf®cient physical ®tness is required for functioning in activities of daily living. Aerobic ®tness of obese persons is in general rather low. 1 It is not known, however, whether muscle strength of obese subjects is different from that of lean subjects. This is partly due to the several methodological issues that exist in measuring muscle strength in an obese population. 2 Several conditions may affect muscle strength in obesity. First, body weight, and consequently fat-free mass (FFM), is increased when compared to lean subjects. On the one hand, in the general population larger fat free mass, 3 and thus larger muscle mass, is associated with enhanced overall muscle strength. 4 ± 6 For example, isometric performance on a handgrip dynamometer was related to fat-free mass in elderly women. 7 Moreover, due to the training effect, which is induced through the weight bearing and supporting of a larger body mass, leg and back muscles might be stronger. On the other hand, however, due to this continued weight bearing, osteoarthritis and pain of the knees 8 and the low back 9 occurs more frequently, and consequently com-promises muscle strength. 10 ± 12 In addition, overweight and obesity are associated with low levels of physical activity. 13 This sedentary life style could in turn lead to lower physical ®tness and lower muscle strength.
To be able to accurately compare strength measures of lean and obese women, a few precautions should be taken. Initially, absolute strength data can be compared, with which there is no concern for body size. However, as muscle mass has been found to be the major determinant of the age and gender related differences in skeletal muscle strength in non-obese subjects, strength measures should be corrected for fat-free mass. 5, 6 This has also been pointed out in studies using a handgrip dynamometer. 7, 14, 15 Strength comparisons between groups can be made by using simple ratio standards, that is strength measures divided by fat-free mass. This, however, assumes that there is a direct relationship between FFM and strength measures, which is not the case. 16 Therefore, it has been widely presumed that in nonobese subjects strength is rather related to body mass raised to the 2 3 power. The rationale for the exponent 2 3 is that muscle strength (a three dimensional construct) should be directly proportional to muscle cross-sectional area (a twodimensional construct), which is in turn proportional to body mass. 17 This, however, is a theoretical approach. Therefore, allometric modeling to provide the most appropriate per ratio standard to make group comparisons has received more interest. 18 ± 20 In such a model a simple body sizeadjusted index of strength performance is created using the formula: strength aÂFFM b , where a is a constant multiplier. The exponent b can be determined such that the formula aÂFFM b eliminates the independent effect of the FFM. 19 To our knowledge, this method has not been used before for an obese population.
Additionally, the lean and obese subjects should be matched for age and physical activity, as aging 5, 15, 21 and low levels of daily physical activity 4, 5, 15 tend to impair muscle strength. Furthermore, experimental groups should be controlled for height, as height has also been pointed out to be a determinant of handgrip 15 and isokinetic muscle strength. 5, 22 To our knowledge, until now no studies have been performed controlling for all of these variables.
The aim of this study was thus to identify differences in muscular strength between lean and obese women using an allometric approach. To achieve this, isometric handgrip strength as an indicator of muscular strength in the upper limbs, as well as isokinetic muscle strength of the legs and the trunk, was measured in large samples of lean and obese women controlled for age and physical activity.
Subjects
A total of 223 healthy obese females aged 20 ± 65 y and a BMI exceeding 30 kgam 2 was selected from the Obesity Outpatient Clinic Endocrinology of the University Hospital Gasthuisberg in Leuven. When the total physical activity score assessed by the Baecke questionnaire was under 6.25, indicating a very low activity level, 23 subjects were excluded from the study. Additionally, patients suffering from discus herniation, lumbar spondylosis, severe orthopedic pain, acute sprain or strain and from symptomatic heart disease were excluded. Thus, only 173 obese subjects were included. For the lean control group 80 non-athletic, healthy female volunteers with a BMI up 26 kgam 2 , controlled for age categories and physical activity, were recruited. The characteristics of the subjects are presented in Tables 1 and 2 .
Methods
Weight was measured to the nearest 0.1 kg on a Seca beam balance, with the subjects wearing no shoes and only light clothing. Height was measured to the nearest 0.5 cm with a wall-mounted stadiometer. Weight and height were then used to calculate BMI.
Body composition was measured using the bioelectrical impedance method (Bodystat 1500). Whole body measurements were taken with the patient positioned and the electrodes connected in the standardized position, as described by Baumgartner. 24 The participants had an overnight fast (no eating or drinking) and had taken no medication that could affect water content of the body.
Maximal voluntary isometric contraction for handgrip was measured using the JAMAR dynamometer. Positioning of the subjects was standardized as described by Stanley and Tribuzi. 25 Two measurements were made on each second to fourth positions of the instrument, for both hands. Strength was expressed in kg and the highest score was recorded. Differences in peripheral muscle strength M Hulens et al
The isokinetic dynamometer Cybex Trunk Extension Flexion (TEF) unit was used to measure back extension and abdominal¯exion strength at an angular velocity of 60 as. For the purpose of this study, only this angular velocity was used, since at higher velocities peak torque decreases signi®-cantly. 22, 26 Moreover, inertia to overcome the weight of the trunk when accelerating is larger in obese subjects. 22 The tests were performed in the standing position. In this position, gravity pulls the trunk down, virtually increasing strength output for trunk¯exion and decreasing it for trunk extension. Therefore, a gravity correction was performed using 63% of body weight to calculate the Gravity Effect Torque (GET). 2, 27 The isokinetic dynamometer Cybex TORSO unit was used to measure trunk left ± right rotation strength of the oblique abdominal muscles. In this test, there is no contribution of gravity. The isokinetic dynamometer Cybex 350 was used to measure isokinetic concentric quadriceps and hamstring strength of both legs. Data were corrected for gravity using the commonly accepted technique weighing the lower leg. 28 For the purpose of this study only trunk¯exion, extension and left trunk rotation, and strength of the best performing leg is reported. Strength was expressed as peak torque in Newton-meters (N m). Peak torque is the highest torque value from all the points in the range of motion. 29 Positioning of the subjects was standardized according to the manuals (Cybex 350, TEF and TORSO user guides, Lumex Inc., Ronkonkoma, NY). The dynamometers were calibrated prior to the experiment following the instructions of the manufacturer and their settings were not changed during the study. The test protocols for the knee and the trunk were similar. After positioning of the subject, a few trials were performed to familiarize with the isokinetic movement. Subsequently, four submaximal repetitions were performed to warm up, followed by three maximal trials to accomplish the actual test. While executing the maximal trials verbal encouragement was given, under the form of`high-demand' instructions. 30 
Statistical analysis
For each variable mean and standard deviation were calculated. To estimate the relationship between absolute handgrip or isokinetic strength measurements and FFM or fat mass (FM), Pearson correlations were calculated.
To evaluate the difference in anthropometric, physical activity, absolute strength measurements and strength data corrected for FFM in lean and obese subjects, an unpaired ttest was used. The signi®cance level was set at P`0.05.
Strength measures in obese and lean subjects were corrected for FFM using allometric scaling and compared using the method described by Vanderburgh, et al. 18, 19 With this procedure, FFM corrected strength scores of the lean and obese women using the obese exponent were computed and the percent difference between lean and obese women was calculated. Next, the same procedure was performed using the lean exponent. This yields a range between within which the true difference must lie. 18 Derived exponents are presented in Table 5 .
Results
Descriptive variables (Tables 1 and 2 ) Weight, BMI, FFM and FM were signi®cantly larger in the obese females. There was no statistically signi®cant difference in age and physical activity between the two groups ( Table 1) . Distribution of age categories was homogeneous (Table 2) . Height was signi®cantly different between the two groups, but the difference was only 2.2 cm.
Correlation analysis (Table 3) For FFM (kg), Pearson correlation coef®cients with strength were weak to moderate, but were generally lower in obese than in lean women. Moreover, in obese women there were no or only low positive correlations of BMI and FM with strength measures. In lean women, on the contrary, no correlation was found for BMI and FM in kg with strength measures, except for a low positive correlation of BMI with left rotation.
Almost all isokinetic strength measurements correlated low to moderate, but signi®cantly positive with handgrip (r 0.23 ± 0.43, P`0.05) in lean and obese women. Correla- Absolute muscle strength (Table 4) Absolute maximal isometric handgrip strength data tended to be higher in lean women when compared to the obese women. This difference, however, was not signi®cant (P 0.1). In obese women, absolute performance of trunk muscles was signi®cantly better than in lean (P`0.05). Absolute extension of the best performing knee was signi®-cantly stronger in obese women, whereas knee¯exion strength was not signi®cantly different, when compared to the lean (P b 0.05).
Allometric analysis (Table 5 ) Derived exponents in the lean women were between 0.91 ± 1.28 for isokinetic strength and 0.36 for handgrip, whereas in the obese between 0.77 ± 1.15, and 0.70, respectively. For each of the strength measures, these exponents were signi®cantly different between lean and obese subjects.
Percent differences in strength measures between lean and obese women using the exponents of the allometric analysis (Table 6 ) Trunk extension strength, rotational strength, knee¯exion and handgrip corrected for FFM (raised to the appropriate exponents) were at least 8% stronger in lean women compared to obese women. Trunk¯exion, was about 8% weaker in lean women. Knee extension strength of the best performing knee was only slightly (6%) or not signi®cantly larger.
Discussion
Descriptive variables (Table 1 ) Physical activity was not statistically different in lean and obese women in our study, because very sedentary subjects were excluded. Notice, however, that 50 of the initial 223 obese women, ie 22%, did not meet the required activity level to match the lean control group, as assessed with the Baecke questionnaire. Fat mass and fat-free mass are signi®cantly different between the lean and obese women. In obese women, however, using the bio-electrical impedance method, FFM could be slightly overestimated by about 3 kg. 24 Correlation analysis (Table 3 ) All absolute isokinetic strength measurements correlated only weak to moderately positive with absolute handgrip strength in lean and obese women. This is in accordance with the study of Shepard et al which was performed in older subjects. 31 Thus, as in other populations, handgrip data alone may provide insuf®cient information on overall muscle strength in clinical settings in obese women.
Correlations between isokinetic strength and FFM were somewhat lower in the obese women compared to the lean subjects. In a recent study of Neder et al 5 in non-obese men and women, univariate correlations using the right knee extensor peak torque at 60 as as the dependent variable revealed a much higher correlation of 0.75 with FFM (P`0.01). When performing a stepwise multiple regression analysis, however, only age and height remained in their ®nal model. In our study, there was no signi®cant difference in age between the obese and lean control group (Table 1) . In a study of frail elderly women, however, correlation coef®cients of FFM with strength measurements of biceps and quadriceps (r 0.42 ± 0.62, P`0.05) were comparable Differences in peripheral muscle strength M Hulens et al to the coef®cients of the lean subjects in our study. 7 The lower correlation with FFM (kg) in our obese patients might again indicate the contribution of other factors impairing strength. It is possible that the metabolic consequences of obesity compromise muscle strength.
Hand grip strength
In our study absolute handgrip strength was not signi®cantly different in lean and obese women. When corrected for FFM (using allometric scaling) handgrip strength was 10 ± 16% lower in obese women. This ®nding is in contradiction with the ®ndings in the literature. In a recent cross-sectional study of muscle strength and mass in 45 ± 78 y old men and women, muscle mass was suggested to be the major determinant of the age and gender related differences in muscle strength. 31 Similarly, handgrip was signi®cantly related to FFM in frail elderly women 7 and in home care patients. 32 In another study assessing gender differences in handgrip performance, the magnitude of these differences was smaller when corrected for FFM using allometric scaling. 18 Additionally, in a recent study comparing 12 non-obese and 21 obese middle aged women, absolute handgrip revealed higher values in the obese women compared to the non-obese. 14 The number of patients in the latter study, however, was rather small.
It is possible that our ®nding of lower grip strength obtained in this larger cohort of obese women is indicative for the overall loss of physical ®tness in obese patients, despite an equal physical activity level. Thus, other confounding factors such as metabolic alterations may contribute to the loss of handgrip strength in obesity.
Isokinetic trunk extension,¯exion and rotation Absolute back extension and¯exion muscles in the cohort of obese women were stronger when compared to lean. This might be caused by the larger FFM and by the training effect of supporting excessive weight. However, methodological problems to accurately measure these muscle performances exist. 2 First, correction for the effect of gravity is dif®cult to perform, as a protocol to accurately weigh the trunk has not been described in the literature yet. Moreover, inertia to overcome the weight of the trunk when accelerating is larger in obese subjects. 22 These considerations obscure drawing clear conclusions from this mode of testing. Therefore, it might be more appropriate to consider trunk rotation as a more accurate measure of trunk strength instead, in which the effect of gravity is of no concern.
Trunk rotation strength exerted with the oblique abdominal muscles was larger in obese subjects than in lean. However, when corrected for FFM using allometric scaling, obese women performed 8 ± 10% less for left rotation. This again might be indicative for the overall decrease of muscle strength in obese women.
Isokinetic knee strength
The stronger extension strength of the quadriceps muscle of the best performing knee in obese women compared to the lean (137.9 N m versus 123.6 N m) seems rational, since this muscle is essential for locomotion. 5 Thus, considering the transport of the larger body mass in obesity, the quadriceps muscle (but not the hamstrings) should be stronger due to a training effect of the weight bearing activities. Moreover, the larger FFM should be responsible for larger absolute strength values in the quadriceps and hamstrings. 5, 6 Absolute¯exion strength of the best knee, however, is comparable in both groups. But, when corrected for FFM, again extension strength is slightly (6 ± 7%), but signi®cantly lower in obese women compared to the lean and kneē exion strength is even up to 18 ± 20% lower. This might be due to the training effect of excess weight bearing, which is more of an advantage for the quadriceps than for the hamstring muscles.
Conclusion
In this study we found that absolute isokinetic back extensor, oblique abdominal and quadriceps muscles are stronger in obese compared to lean women. Yet, when corrected for FFM using an appropriate exponent obtained by allometric scaling, obese women turn out to have inadequate muscle strength, notwithstanding the training effect by the weight bearing and supporting role of some of these muscles. Moreover, absolute isometric handgrip is comparable in obese and lean women. This ®nding is again surprising, since in previous studies in non-obese and in older subjects, strength was found to be related to FFM. However, previously no studies have been performed comparing muscle strength in large samples of lean and morbidly obese females controlled for age and physical activity, and corrected for FFM using allometric scaling.
We suggest that overall muscle function is impaired in obese females compared to their non-obese counterparts, despite the fact that physical activity is controlled for. Obesity and its metabolic consequences might be responsible and thus not only the lack of physical activity. This ®nding is analogous with the other impaired physical ®tness parameters, such as aerobic capacity. Hence, loss of muscle strength contributes to the loss of functionality, which can only be defeated by weight loss or by exercise. Future studies should focus on the mechanisms of muscle strength loss due to the metabolic consequences of obesity.
